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Abstract
The GABA (Q-aminobutyric acid) transporter (GAT1) belongs to a superfamily of secondary active uptake systems for
neurotransmitters that depend on the electrochemical gradients for Na and Cl3. In the GAT1, two Na ions and one Cl3
ion are co-transported with one GABA molecule. Steady-state transport activity and transient charge movements during
partial reactions of the transport cycle of the GAT1 of mouse brain expressed in Xenopus oocytes were investigated by two-
electrode voltage clamp. Functional expression was demonstrated by Na-dependent [3H]GABA uptake. Effects of mutation
of two out of three N-glycosylation sites located in the extracellular loop between transmembrane domains 3 and 4 (Asn176,
Asn181, Asn184) were analysed. Simultaneous substitution of two Asn by Asp leaves the transport system intact but leads to a
reduction in turnover and complex changes in the interaction of external Na with the transport protein. If Asn176 is mutated
to Asp and simultaneously Asn181 to Gly, no transport and no charge movements can be detected. In conclusion, mutations
of the glycosylation sites result in altered transport, and the local conformation at Asn181 is critical for expression of
transport activity. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Neurotransmitter transporters driven by the Na
gradient play a key role in controlling the concentra-
tion of transmitters in the synaptic cleft [1]. Regula-
tion of transport will, therefore, be essential in con-
trolling and terminating synaptic activity. The
dominating inhibitory transmitter in mammalian
brain is Q-aminobutyric acid (GABA). Its reuptake
and partially also its release is mediated by the
GABA transporter GAT1, which has been cloned
and sequenced from brain of a variety of animal
species [2^4]. The transporter belongs to a family
of secondary active systems (see e.g. [5]) that are
driven by electrochemical gradients for Na and
Cl3. Due to its 1 GABA/2 Na/1 Cl3 stoichiometry,
the transporter is electrogenic, and the generated cur-
rent is a measure for transport activity. Under volt-
age clamp, transient currents can be detected in re-
sponse to voltage steps, and can be attributed to
partial reactions of the transport cycle [6,7].
The transporting unit of the GAT family is com-
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posed of a single polypeptide of about 80 kDa, and
has 12 putative transmembrane domains. A large
extracellular loop between the transmembrane do-
mains 3 and 4 contains three conserved N-glycosyla-
tion sites [8]. N-Glycosylation has been suggested to
be involved in the regulation of transport activity
and surface expression of neurotransmitter trans-
porters [8^10]. It has been demonstrated that simul-
taneous mutation of all glycosylation sites to Asp
leads to a pronounced reduction in GABA uptake,
but no e¡ect on maximum uptake was observed if
only two of the sites were mutated [10]. In the
present work we demonstrate by a detailed investiga-
tion that double mutations of the glycosylation sites
in the GAT1 of mouse brain (Asn176, Asn181, Asn184)
alter the voltage and Na dependence of GAT1-
mediated steady-state and transient currents.
2. Methods
2.1. Construction of mutants of GAT1
The three N-linked glycosylation sites located in
the extracellular loop between the putative trans-
membrane domains 3 and 4 (Asn176, Asn181,
Asn184) were mutated to aspartic acid or glycine.
The EcoRI/HindIII fragment of a pBluescript KS
construct containing the coding sequence of mouse
GAT1 cDNA was subcloned into the pAlter-1
vector. Single-stranded phagemid DNA derived
from pAlter-1 was used as template, and point mu-
tations were generated with synthetic oligonucleo-
tides using an in vitro mutagenesis kit (Altered Sites
II, Promega). The following sense oligonucleotides
were used as mutagenic primers: 5P-CGCTG-
CTTGTCCG(A/G)CTACAGCCCTGG-3P (Asn176) ;
5P-CAGCCTGGTCG(A/G)TACCACCAACATG-3P
(Asn181); 5P-GGTCAATACCACCG(A/G)CT GAC-
CAGC-3P(Asn184). All mutations were veri¢ed by di-
deoxynucleotide sequencing. Three plasmids were
used in our studies: (1) DGN (N176D, N181G); (2)
DDN (N176D, N181D); and (3) DND (N176D,
N184D).
The wild type and mutants of the mouse neuronal
GABA transporter, GAT1, were cloned into a tran-
scriptive vector pNWP, which contains a ribonucleo-
some binding site and a poly-A tail sequence. Fol-
lowing linearisation of the plasmids by EcoRI, RNA
was synthesised using SP6 polymerases with RNA
synthesis and capping kit from Ambion Inc. The
synthetic RNA was injected into Xenopus oocytes.
The methods of oocyte handling and voltage
clamp are similar to those described previously (see
e.g. [11]).
2.2. Oocytes
Females of the clawed toad Xenopus laevis were
anaesthetised with m-aminobenzoic acid ethylester
methane sulfonate (MS222, Sandoz, Basel (Switzer-
land) 1 g/l). Parts of the ovary were removed and
treated with collagenase. Full-grown prophase-ar-
rested oocytes were selected for experiments. For ex-
pression, cRNA of wild-type and mutated GAT1 of
mouse brain (about 50 ng/oocyte) was injected.
These cells together with non-injected control oo-
cytes were stored at 19‡C in oocyte Ringer’s solution
(KulORi, see Section 2.5) containing antibiotics (in
mg/l: 70 gentamicin or 25 streptomycin plus 20 pen-
icillin). Experiments were performed after 3^5 days
of incubation. All experiments were performed at
room temperature.
2.3. Measurements of [3H]GABA uptake
To determine the maximum transport activity, up-
take of 3H-labeled GABA (Amersham, Braun-
schweig) was measured at 90 mM external Na
and 100 WM total GABA. The oocytes were in-
cubated for 20 min in a solution (volume 200 Wl)
of ORi (see Section 2.5) containing 100 WM GABA
and 15 nM [3H]GABA (9.25 kBq/200 Wl). To deter-
mine unspeci¢c GABA uptake, measurements were
performed parallel with oocytes in Na-free incuba-
tion solution, where NaCl was replaced by choline
chloride. To exclude oocytes with high membrane
leakage, 1 mM sucrose with 18 WM [14C]sucrose
(16 kBq/200 Wl, Du Pont NEN, Bad Homburg)
were added to the incubation medium (see [12]).
2.4. Voltage-clamp experiments
The electrophysiological experiments were per-
formed on oocytes with the conventional two-elec-
trode voltage clamp (TEVC) (see e.g. [13]). For char-
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acterisation of the GABA transport, steady-state
membrane currents were recorded at the end of
300-ms, rectangular voltage-clamp pulses (from
3150 to +50 mV in 10 mV increments) that were
applied from a holding potential of 360 mV, and
voltage dependences of steady-state membrane cur-
rents were obtained. The current generated by the
GABA transporter was determined as current acti-
vated by extracellular application of 100 WM GABA
or of Na. In control experiments, we con¢rmed that
the di¡erence current is the same as the current com-
ponent that can be blocked by the GAT1-speci¢c
inhibitor SKF89976A (10 WM, kindly provided to
us by SmithKline Beecham, Munich). In addition
to functional characterisation of the GAT by
[3H]GABA uptake and steady-state current measure-
ments, we determined the charges moved in the elec-
trical ¢eld in the absence of GABA in response to
rectangular voltage-clamp pulses. The current was
¢ltered at 500 Hz and sampled at 1 kHz. The amount
of moved charges was calculated by integration of
the transient GAT1-mediated component of the cur-
rent signal.
2.5. Solutions
The solutions had the following composition if not
stated otherwise (in mM): KulORi: 90 NaCl, 2 KCl,
2 CaCl2, 5 MOPS (adjusted to pH 7.4 with Tris) ;
ORi: 90 NaCl, 2 KCl, 2 MgCl2, 5 MOPS (adjusted
to pH 7.4 with Tris). To reduce background currents
mediated by Ca2-activated channels (Cl3 channels),
the Ca2 was replaced by Mg2 in the test solutions
(see [14,15]). For solutions with reduced [Na], cor-
responding amounts of choline replaced Na, and
the pH was titrated with Tris.
3. Results
3.1. Tracer £ux measurements
To test whether functional GABA transporters are
incorporated into the oocyte membrane, Na-de-
pendent uptake of [3H]GABA was determined at a
saturating GABA concentration of 100 WM (see
[6,16]). Fig. 1 shows the results for non-injected con-
trol oocytes and for the mutated GABA transporters
relative to the wild-type GAT1; normalised rates of
uptake are shown in the presence and absence of
Na (the value of 1 corresponds to 527 þ 163 pmol/
oocytes/h). The uptake in the absence of Na repre-
sents unspeci¢c uptake. The low rate of uptake de-
tected in control oocytes is also seen in the absence
of Na, and hence, cannot be attributed to an en-
dogenous Na-driven GABA transporter. GAT-
mediated transport could also not be detected in oo-
cytes injected with cRNA for the mutant DGN. The
other mutants are functionally incorporated into the
oocyte membrane though they mediate less uptake
than the wild-type GAT1. This can be due to lower
transport rates or lower degree of expression.
3.2. Measurements of steady-state current
To determine dependence of transport activity on
external Na concentration and membrane potential,
voltage-clamp experiments were performed. A typical
experiment on an oocyte with the wild-type GAT1 is
illustrated in Fig. 2. To determine transport activity,
currents were determined in the absence (Fig. 2A)
and presence (Fig. 2B) of 100 WM GABA. The di¡er-
ence of the steady-state current was then taken as the
current generated by the GABA transporter (see Fig.
2C showing the inverse of the currents). As in the
uptake measurements, the DGN mutant did not gen-
erate any current signal; the transporters that
showed GABA uptake (wild type, DDN and
DND) also generated inward-directed steady-state
currents (see Table 1). While the uptake rates of
Fig. 1. Normalised rates of [3H]GABA uptake for control and
cRNA-injected oocytes in the presence and absence of 90 mM
Na. The concentration of GABA was 100 WM. Data represent
averages from three batches of oocytes þ S.E.M. (with 10 oo-
cytes per batch).
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the DDN and DND mutants are about 30% of the
rate for the wild-type, the current of the DND mu-
tant is as large as for the wild type. This can be
attributed to higher expression of the transporter in
particularly those batches of oocytes that were pre-
dominantly used for the electrophysiological experi-
ments with the DND mutants. The voltage depend-
ence of the steady-state currents was determined at a
series of external Na concentrations. The normal-
ised and averaged results are shown in Fig. 3A^C for
the experiments with oocytes injected with cRNA for
the wild-type (A), DDN (B) and DND (C) mutants.
The ¢lled and open squares refer to measurements in
the presence of 90 mM Na at the beginning and at
the end of an experiment, respectively. The di¡erence
illustrates a slight rundown of transport activity dur-
ing the experiment and may be attributed to accu-
mulation of GABA in the oocyte.
A simple model with sequential Cl3 and Na
binding (see Appendix) would result in a voltage-de-
Table 1
GAT-mediated steady-state current at 360 mV, and ¢tted non-vanishing parameters of Eq. A3 (with n = 1.3 for wild type and n = 1.0
for the mutants) for the Na and voltage dependences
GAT GAT-mediated current KmNa (Mm) zNa KClm (Cl)
at 360 mV (nA) Imax (normalised)
WT 386 33.4 442 0.76 125
DDN 338 35.4 506 0.59 274
DND 391 35.0 677 0.72 266
Fig. 2. Records generated by rectangular voltage pulse applied from a holding potential of 360 mV for an oocyte injected with
cRNA for the wild-type GAT1. The test solution contained 70 mM NaCl. Records in the absence (A), in the presence (B) of 100 WM
GABA. (C) Di¡erence between the corresponding records shown in (A) and (B). (D) Same data as in (C) but steady-state currents
are subtracted.
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pendent Imax. Fits of the equation
INa;E  ImaxE Na
n
Nan  KnmE
1
with Imax(E) and Km(E) as given in the Appendix
(Eqs. A2 and A3) to the data (Fig. 3A^C) yielded
negligible voltage dependence of Imax, but voltage-
and Cl3-dependent Km values. Voltage independence
of Imax can be explained by the assumption of a slow,
rate-limiting completion of the transport cycle after
substrate binding (compare Fig. 6). The voltage de-
pendence of Km can then be described by (compare
Eq. A3):
Knm  KnmNaezNaEF=RT : 1
KmCl
Cl e
zClEF=RT
 
2
The voltage dependence of Cl3 binding turned out
to be very small with zCl of no more than 0.1. The
data were ¢tted with a constant zCl = 0.1. The other
relevant ¢t parameters are listed in Table 1. The
voltage dependence of the calculated apparent Km
values for the wild-type GAT1 and also for the mu-
tants are illustrated in Fig. 3D. Both mutants exhibit
Na dependence of transport stimulation di¡erent
from that of the wild type demonstrating that the
mutation of the glycosylation sites results in altered
stimulation by external Na.
3.3. Measurements of transient currents
In the absence of GABA the transport cycle can-
not be completed, but nevertheless, transient charge
movements can be detected in response to a voltage
step and have been attributed to the movement of
Na in the electrical ¢eld or to voltage-dependent
conformational changes following Na binding
[6,7]. The amount of charge can be calculated by
integration of the transient currents that are obtained
Fig. 3. (A^C) Dependence of GAT1-mediated steady-state current on membrane potential for di¡erent Na concentration in the test
solution: F, E 90 mM, a 70 mM, v 50 mM, P 30 mM, W 10 mM. Data represent current for oocytes injected with cRNA of the
wild-type GAT1 (A), the DDN (B) and DND (C) mutants averaged from 8^14 oocytes ( þ S.E.M.) and normalised to the value ob-
tained in presence of 90 mM Na at 360 mV at the beginning of an experiment. These values correspond to currents given in Table
1. The solid lines represent ¢ts of Eq. 1 with Eqs. A2 and A3. The ¢tted, relevant parameters are listed in Table 1. (D) Apparent Km
values for transport stimulation by external Na calculated with the parameters given in Table 1 and Eq. 2. The solid line represents
the voltage dependence for the wild-type GAT1, the broken line that for the DDN, and the dotted line that for the DND mutant.
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by subtracting from the responses in Na-containing
solution and in the absence of GABA those in the
presence of GABA (see Fig. 2C). For direct illustra-
tion of the transients, the steady-state contributions
from GAT1-mediated current have been subtracted
(Fig. 2D). An example for the voltage-dependent dis-
tribution of the charges is shown in Fig. 4A. The
data for a given [Na] can be described by a Fermi
distribution:
QE  Q3r  Qr3Q3r
1 e3zf E3E1=2F=RT 3
The total charge Qmax = Qr3Q3r and the e¡ec-
tive valency zf were independent of Na concentra-
tion, but the midpoint potential E1=2 is shifted into
hyperpolarising direction (see Fig. 4B) and Qr de-
creases with decreasing [Na] (see legend to Fig. 4).
On and o¡ responses could be ¢tted by the same set
of parameters. The ¢tted Qmax and zf values obtained
from averaged data for the wild-type and the mu-
tated transporters are listed in Table 2. The zf values
are very similar to the zNa values. The Na depend-
ence of E1=2 can also be interpreted as the voltage
dependence of the Na concentration that leads to
half-maximum charge movement. The dependencies
Fig. 5. Voltage dependence of the K1=2 values for stimulation of
charge movements by Na for wild-type GAT1 (F) and mu-
tants: E DDN, O DND. The lines represent ¢ts of Eq. 4. Fit-
ted parameters are listed in Table 2. The term representing the
voltage-dependent Cl3 interaction could be ignored.
Table 2
Fitted parameters of Eq. 3 for averaged data like those shown
in Fig. 4 (on and o¡ responses were ¢tted for corresponding
potentials by the same parameters) and of Eq. 4 for the data
shown in Fig. 5
GAT Qmax (nC) zf KmNa (mM)
WT 46.6 0.75 222
DDN 48.8 0.64 458
DND 108.2 0.68 661
Fig. 4. (A) The amount of charges moved in response to rec-
tangular voltage steps for di¡erent external Na concentrations
(F, E 90 mM, R, S 50 mM, R, O 30 mM, b, a 10 mM. The
values were obtained by integration of transients as shown in
Fig. 2D. Data are for the mutant DND, and were ¢tted by a
Fermi distribution (see Eq. 3). Data for the on (¢lled symbols)
and o¡ (open symbols) were ¢tted by the same parameter sets
with Qmax = 91 nC, z = 1.07, and for the potential-dependent pa-
rameters:
[Na] (mM) 90 50 30 10
Qr (nC) 52.1 24.1 10.7 1.3
E1=2 (mV) 352 388 3105 3150
(B) Same data as in (A) but normalised to give Qmax = Qr = 1
and Q3r = 0.
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of the K1=2 value on membrane potential are plotted
in Fig. 5. In terms of the sequential binding model
(see Eq. A5) the potential dependence can be de-
scribed by the same expression as derived for the
Km value (Eq. 2):
K1=2En  KnmNaWe
zNaEF
RT 1 KmClCl e
zClEF
RT
0@ 1A 4
The ¢t revealed that the KmCl can be ignored sug-
gesting that in the absence of GABA, Cl3 binding is
negligible at the Cl3 concentration of 100 mM used
in our experiments. The ¢tted parameters are added
to Table 2 with zNa = zf . Similar to the results from
the steady-state measurements, the mutations lead to
altered Na dependence with lower sensitivity.
4. Discussion
The asparagine residues Asn176, Asn181, and Asn184
of the GABA transporter GAT1 are used in vivo as
glycosylation sites, which had been demonstrated by
expression of wild type and mutants in HeLa cells
and immunoprecipitation [10]. In these experiments
it was shown that mutation of all three sites simulta-
neously to Asp leads to reduced expression of trans-
port, which at least in part has been attributed to a
reduced transport turnover. This demonstrates that
the deglycosylated GAT1 is functionally incorpo-
rated into the plasma membrane, and suggests that
the state of glycosylation may be involved in trans-
port regulation. Mutation of only one or two of the
Asn to Asp resulted in [3H]GABA uptake in the
HeLa cells similar to that in cells with the wild
type. In our experiments we found that the double
mutations DDN and DND lead to reduced GABA
uptake. This might be due to the lower Na concen-
trations used in our £ux measurements with the oo-
cytes compared to the HeLa cells. To investigate
whether transport or expression is a¡ected by the
mutation, we analysed the voltage and Na depend-
ence of GAT1 function in more detail using a satu-
rating GABA concentration of 100 WM [6] and a Cl3
of 100 mM.
While the £ux measurements yielded signi¢cantly
less uptake for the mutated GATs (DDN and DND)
compared to the wild-type GAT (Fig. 1), the meas-
urements of steady-state current Imax (see Table 1)
and of Qmax (see Table 2) gave a di¡erent result. A
direct comparison of £ux and electrical data may be
questionable since the experiments were done on dif-
ferent batches of oocytes. The measurements of Imax
and Qmax, on the other hand, were done on the same
oocytes, and therefore make it possible to determine
the rate of transport (turnover rate) from the ratio
Imax/Qmax (see Table 3). The value for the wild-type
GAT1 of 6.3 s31 is compatible with the value 5.8
reported for GAT1 expressed in the oocytes by Ma-
ger et al. [6]. For the mutated transporters, the turn-
over rates are slightly reduced. At 360 mV the di¡er-
ence in turnover becomes more prominent (see Table
3), and both mutated transporters exhibit only about
40% of the transport activity of the wild type. Re-
duced transport turnover rather than reduced expres-
sion can, therefore, account for the lower transport
seen in the £ux measurements. The calculated num-
ber of transporters (Table 3) seems even to be in-
creased for the mutants. Similar degree of expression
for wild type and the DDN mutant has also been
demonstrated in HeLa cells by immunoprecipitation
[10].
The voltage dependence of the di¡erence between
transport turnover of wild type and mutants suggests
that the mutation leads to an altered voltage sensi-
tivity of the transporter. The parameters we found to
Table 3
Calculated turnover and number of transporters
GAT I/Qmax = turnover (s31) Qmax/zf = N (per oocyte)
at 360 mV Max
WT 1.85 6.3 2.2U1011
DDN 0.78 4.2 3.6U1011
DND 0.84 4.2 6.9U1011
Fig. 6. Simpli¢ed reaction diagram for GABA uptake stimu-
lated by binding of 1 Cl3 ion and 2 Na ions externally. k01,
k10 represent binding and unbinding of Cl3, respectively, k12,
k21 binding and unbinding of 2Na. k20 lumps together all
transitions that lead to completion of the transport cycle.
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describe the voltage and Na dependence of the
wild-type GAT1 are slightly di¡erent from those
published by others [6,7,16]. This includes the values
for the apparent Km of 518 mM [7] and of 73 mM
[16] compared to 460 mM, the Hill coe⁄cient of
n = 1.5 [7] and n = 1.7 [16] compared to 1.3, and the
e¡ective valencies of about 0.6 [6,7] compared to
0.75. The di¡erences may in part result from the
fact that we ¢tted equations to the data that were
derived from the reaction diagram presented in Fig.
6, while the other authors used a more general for-
mulation. Though we used a very simple diagram,
the apparent Km values have to be written in a
more complex form (see Eq. A3) than in the more
general formulations of Eqs. 1 and 4. Using these
latter equations for ¢tting, we obtained for the
wild-type GAT1 parameters very close to those pub-
lished by Mager et al. [6].
The inclusion of the transitions involved in Cl3
binding revealed that interaction between Na and
Cl3 binding in£uences the apparent Km values when
the reaction cycle is completed. Since we have not
determined Cl3 dependences, the di¡erences in the
calculated parameters for Cl3 binding should not
be taken too seriously. Nevertheless, the results sum-
marised in Figs. 3D and 5, and Tables 1 and 2 clearly
demonstrate that the double mutations a¡ect the
transport properties making the transporters less sen-
sitive to Na predominantly due to elevated Km val-
ues. If in addition to the mutation of Asn176 to Asp,
Asn181 is mutated to Gly rather than Asp, no trans-
port can be detected any more, which suggests that
the side chain in Asn or Asp are essential for expres-
sion of a functional transporter. Secondary structure
analysis (using BETATURN of PCGene) yielded a
missing L-turn position for the DGN mutant com-
pared to wild type, DDN or DND mutants.
In conclusion, after mutation of two of the three
N-glycosylation sites to Asp of GAT1 functional
transporters are expressed in the oocytes that exhibit
reduced turnover rates, which is more prominent at
less negative potentials. The di¡erences in potential
dependence of transport rate can be attributed to
di¡erences in the apparent Km values for transport
stimulation by Na. At physiological potentials
(about 370 mV), the Km value for mutants is around
80 mM compared to 45 mM for the wild type (Fig.
5). These ¢ndings lead to the question whether the
state of glycosylation may be involved in physiolog-
ical regulation of the transport, or whether the mu-
tations from Asn to Asp, which introduced charges
into the extracellular loop, may account for altered
transport.
Acknowledgements
We thank Heike Biehl for her technical assistance,
Drs. Ju«rgen Rettinger and Larisa A. Vasilets for their
comments on the manuscript. The co-operation be-
tween the Max-Planck-Institut fu«r Biophysik and the
Shanghai Institute of Cell Biology was supported by
the Max-Planck Society, the Chinese Academy of
Sciences, and by the Shanghai Science and Technol-
ogy Committee.
Appendix
For the description of the potential-dependent
stimulation of GAT1-mediated transport current by
external Na, we used a reaction diagram given in
Fig. 6. The transport cycle involves sequential bind-
ing of ¢rst 1 Cl3 ion (k01) and then 2 Na ions (k12)
before the cycle can be completed (k20), such a se-
quential binding is supported by the observation that
Cl3 enhances Na binding [6,7]. For the complete
cycle, 1 GABA molecule has to bind. Since all ex-
periments were performed at the same saturating
GABA concentration of 100 WM, we do not specify
where binding of GABA occurs within the reaction
cycle. It is assumed that the Na and Cl3 ions sense
a fraction of the electrical ¢eld during the binding
steps, represented by the e¡ective valencies zNa and
zCl, respectively. The dependence of the transition
rates will be described by:
k01  k01ClWe
3zCl
EF
RT
k12  k12NanWe
3zNa
EF
RT :
The dependence of GAT1-mediated current on
Na concentration could be described by a Hill co-
e⁄cient of n = 1.3 and 1 for wild-type and mutated
transporters, respectively.
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The transport activity is then represented by:
IO k20
1 k10k20
k01k12
 k10k21
k01k12
 k20
k01
 k20
k12
 k21
k12
I  Imax Na
n
Nan  Knm
A1
with
Imax  I

max
1 k20e
zClEF=RT
k01Cl
A2
and
Knm 
k20
k12
 k21
k12
 
ezNaEF=RT 1 k10
k01Cl
ezClEF=RT
 
1 k20e
zClEF=RT
k01Cl
:
A3
If we introduce the additional assumption that k20
is rate-limiting and much slower than the rates for
Na and Cl3 binding, then Imax becomes voltage-
independent and Knm can be described by an equation
identical to Eq. 2 with
KnmNa 
k21
k12
; and KmCl  k10k01
A3a
The transport cycle can be completed through k20
only in the presence of GABA. In the absence of
GABA, an increase of Na or a hyperpolarising volt-
age step will only favour the ClNa2 state in the re-
action diagram (see Fig. 6). The voltage and Na
dependence of this state should re£ect the amount
of charges that can be moved, and can be described
by:
QOpClNa2 
k12k01
k12k01  k10k21  k01k21 
Nan
Nan  Kn1=2
A4
with
Kn1=2  KnmNaezNaEF=RT W 1
KmCl
Cl e
zClEF=RT
 
: A5
In terms of a Fermi distribution
QNa  Qmax
1 e3zf E3E1=2F=RT :
E1=2 is represented by
E1=2  RTzNaF ln
Nan
KnmNa1 KmCl=Cl
 
A6
with zNa = zf .
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